We have applied axisymmetric magnetohydrodynamic (MHD) simulations in order to investigate the impact of the accretion disk magnetic flux profile on the collimation of jets. Our simulations evolve from an initial state in hydrostatic equilibrium and a force-free magnetic field configuration. We apply a self-consistent model for the turbulent magnetic diffusivity and internal turbulent Alfvénic pressure. Considering a power law for the disk poloidal magnetic field profile B p ∼ r −µ , and for the profile of the mass flow rate from the disk surface into the jeṫ M ∼ r −µρ−3/2 , we have performed a systematic parameter study over a wide range of parameters µ and µ ρ . We find that the degree of collimation (quantified by the ratio of mass loss rates in axial and lateral direction) decreases for a steeper disk magnetic field profile (increasing µ). Varying the total magnetic flux does not change the degree of jet collimation substantially, it only affects the flow evolution and the terminal jet speed. As our major result we find a general interrelation by comparing the collimation degree with the disk wind magnetization power law exponent. Outflows with high degree of collimation resulting from a flat disk magnetic field profile tend to be unsteady producing axially propagating knots as discussed earlier in the literature. Depending slightly on the inflow density profile this unsteady behavior sets in for µ < 0.4. We also performed simulations of jet formation with artificially enhanced decay of the toroidal magnetic field component in order to investigate the idea of a purely "poloidal collimation" previously discussed in the literature. For these outflows we find only weak collimation combined with a lower flow velocity. Thanks to our large numerical grid size (comparable to about 7 × 14 AU), we may apply our results to recently observed protostellar jet rotation of DG Tau. In this source a relatively flat disk magnetic field profile is indicated (µ ≃ 0.5). Our results in general are applicable to all sources of MHD jets.
Introduction
Astrophysical jets as highly collimated high speed beams of matter have been observed as common phenomenon in a variety of astronomical sources, among them young stars, micro-quasars and active galactic nuclei. The current understanding of jet formation is that jets are launched 1 Parts of this work has been accomplished at the Astrophysikalisches Institut Potsdam, An der Sternwarte 16, D-14482 Potsdam, Germany by magnetohydrodynamic (MHD) processes in the vicinity of the central jet object -an accretion disk surrounding a protostar or a black hole (Blandford & Payne 1982; Pudritz & Norman 1983; Camenzind 1990) . The general properties of jet sources and the ongoing physical processes have been investigated for a long time, however, the principal mechanism which actually launches a jet from the disk at a certain time is not yet known.
A number of numerical simulations investigating the MHD jet formation have been published.
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We may distinguish between those simulations which take into account the evolution of the disk structure and those which consider the disk as a fixed boundary condition for the simulation of the disk wind. The first approach allows to study directly the launch 1 of the outflow, i.e the ejection of accreting plasma into an outflow in direction vertical to the disk. However, due to the limited time resolution and spatial coverage typical for these simulations, little can be learned concerning the ultimate jet acceleration and collimation which takes place at radii beyond the Alfvén surface (Uchida & Shibata 1985; Miller & Stone 1997; Kudoh et al. 1998) . The second approach allows to investigate the long term evolution of jet formation on a large spatial scale (Ouyed & Pudritz 1997a; Krasnopolsky et al. 1999; Fendt & Elstner 2000; Fendt & Cemeljic 2002) . The mechanism which actually launches the outflow out of the accretion stream cannot be studied by this approach.
In this paper we study how jet formation -i.e. jet collimation and acceleration -depends on the magnetic field profile of the jet launching accretion disk. We prescribe various magnetic field profiles along the disk surface which is taken as a boundary condition fixed in time. We calculate a forcefree initial magnetic field distribution as solution from the axially symmetric boundary value problem. The initial magnetic field is located in an initially hydrostatic density distribution. Then, the coronal (i.e. jet) magnetic field evolves in time from the initial state governed by a fixedin-time mass inflow from the disk surface into the corona. Preliminary results of the present investigation have been published earlier (see Fig. 2 in Rüdiger (2002) ).
We note that in a contemporaneous and independent study Pudritz et al. (2005) have undertaken a similar approach. Our results generally agree with their paper, but also transcend their approach in several aspects. Among the additional features treated in our paper are a much larger grid (AU scale), a self-consistent description of turbulent Alfvénic pressure / turbulent magnetic diffusivity, a quantitative measure of the collimation degree, and a much broader range of param-eters studied.
Our paper is organized as follows. Section 2 briefly summarizes the issue of MHD jet collimation. Section 3 introduces our model approach. In Sect. 4 we present our results before concluding the paper with the summary.
Self-collimation of rotating MHD flows
Theoretical studies considering analytical solutions of the stationary, axisymmetric MHD forcebalance in the asymptotic jet flow have clearly shown that such flows must collimate into a narrow beam when carrying a net poloidal electric current (Heyvaerts & Norman 1989; Chiueh et al. 1991) . This fundamental statement has been recently confirmed and generalized (Okamoto 2003; Heyvaerts & Norman 2003a,b) .
Stationary studies of MHD jets
A self-consistent treatment of the collimation process -i.e. the question how collimation is achieved along the initial outflow -has to consider (at least) a two-dimensional (i.e. axisymmetric three-dimensional) MHD problem. Until about a decade ago, MHD jet theory has been mostly limited to the stationary approach. Timeindependent studies, however, cannot really proof whether a MHD solution calculated will actually be realized during the time evolution of jet formation. Hence, the final answer concerning the jet self-collimation can only be expected from timedependent MHD simulations. Although stationary self-similar models gave clear indication for collimated MHD jets (Blandford & Payne 1982; Sauty & Tsinganos 1994; Li 1993; Contopoulos & Lovelace 1994 ) one has to keep in mind that this constraint has further implications which are critical for collimation, but not really feasible for jets. For example, self-similarity considers an infinite jet radius and does exclude the symmetry axis of the flow. Truly two-dimensional (axisymmetric 3D) solutions considering the local force-balance and global boundary conditions have been obtained only in the force-free limit (Fendt et al. 1995; Lery et al. 1998; Fendt & Memola 2001) , but show the shape of the collimating jet as determined by the internal force-equilibrium. So far, the only self-consistent two-dimensional stationary MHD solution of a collimating wind flow has been published decades ago (Sakurai 1985 (Sakurai , 1987 . This solution collimates on logarithmic scales only -a result of the low rotation rate applied.
Time-dependent MHD simulations
The first numerical demonstration of the MHD jet self-collimation process has presented by Ouyed & Pudritz (1997a) following a similar approach for disk winds pioneered by Ustyugova et al. (1995) . The simulations by Ouyed & Pudritz have been performed from an initially force-free setup and fixed boundary conditions for the mass inflow into the jet from an underlying Keplerian disk surface. After a few hundred of inner disk rotations the MHD disk wind collimates into a narrow beam and saturates into a stationary state flow.
It is clear that different inflow conditions for the disk wind (mass flow rate or magnetic field profile) will result in a different dynamical evolution of the jet, as different time scales and velocies or a different collimation degree. It is therefore interesting to investigate a wide parameter range for the leading jet parameters. This has partly been done in a number of papers discussing the variation of the jet mass load (Ouyed & Pudritz 1999; Kato et al. 2002) , a time-dependent disk magnetic field inclination (Krasnopolsky et al. 1999) , turbulent magnetic diffusivity in the jet (Kuwabara et al. 2000; Fendt & Cemeljic 2002; Kuwabara et al. 2005) , time-dependent mass loading (Vitorino et al. 2003) , the extension of the simulation box on collimation (Ustyugova et al. 1999) , or, in difference to these cases of monotonously distributed disk magnetic field, the long-term evolution of a stellar dipolar magnetosphere in connection with a Keplerian disk (Fendt & Elstner 2000) .
In general, the MHD self-collimation feasibility has clearly been confirmed by simulations applying a monotonous disk magnetic field distribution. For the dipolar-field model setup the outflow remains un-collimated, as the Heyvaerts & Norman criterion for collimation of a total net electric current along the outflow is not satisfied. The next step will be to include the disk structure in the numerical simulations (Hayashi et al. 1996; Miller & Stone 1997; Casse & Keppens 2002; and follow the jet launching process over many hundreds of disk rotations.
"Toroidal or poloidal collimation"?
In respect of jet formation it is interesting to mention a proposal by Spruit et al. (1997) pointing out the fact that the toroidally dominated jet magnetic field is actually kink-instable. Spruit et al. suggested that jets should rather be collimated by the poloidal disk magnetic field pressure and less by the toroidal pinching force. The authors find that "poloidal collimation" works best for a disk magnetic field profile |B P | ∼ r −µ with µ ≤ 1.3. Indication for "poloidal collimation" of outflows has been reported also by (axisymmetric) MHD simulations (Matt et al. Matt et al. (2003) ), where the outflow launched in a dipolar stellar magnetosphere becomes collimated by the surrounding disk magnetic field.
The kink instability of jets can only be investigated by non-axisymmetric simulations. It is therefore important to note that 3D-simulations of MHD jet formation have indeed proven the feasibility of MHD self-collimation also under the influence of 3D perturbations in the jet launching region (Ouyed et al. 2003; Kigure & Shibata 2005) . Essentially, it is the "backbone" of the jet flow, i.e. the axial region of high field strength and low density which stabilizes the jet against the instabilities. As an interesting fact, we note that in all studies of MHD jet formation (time-dependent or stationary) which lead to a collimated jet, the disk magnetic field profile satisfies the Spruit et al. criterion µ ≤ 1.3. Examples are the stationary (Blandford & Payne 1982 ) solution of a selfsimilar, cold jet with µ = 5/4, simulations of a collimating jet by Ouyed & Pudritz (1997a) applying µ = 1, or by Fendt & Elstner (2000) treating an initially dipolar field distribution µ = 3.
Despite the many approaches in MHD jet formation theory published so far, a systematic numerical study of how the disk (poloidal) magnetic field profile affects the formation of a collimated jet has not yet been provided by the literature. This is the aim of the present paper.
Model setup
We perform axisymmetric MHD simulations of jet formation for a set of different boundary conditions for the accretion disk magnetic field. The general model setup follows Ouyed & Pudritz (1997a) and Fendt & Cemeljic (2002) . As initial state we prescribe a force-free magnetic field along a gas distribution in hydrostatic equilibrium. This is essential in order to avoid artificial relaxation processes caused by a non-equilibrium initial condition. The gas is "cold" and supported by additional turbulent Alfénic pressure.
A Keplerian disk is taken as a (fixed in time and space) boundary condition for the mass inflow from the disk surface into the corona and the magnetic flux. The poloidal magnetic field lines are anchored in the rotating disk. A gap extends between the central body and the inner disk radius r i implying a vanishing mass load for the jet from this region. Compared to our previous studies (Fendt & Elstner 2000; Fendt & Cemeljic 2002) , several new features are included in the present approach.
-We consider a model of turbulent magnetic diffusivity, variable in space and time, determined self-consistently by the turbulent Alfvénic pressure.
-We apply a non-equidistant numerical grid covering a large spatial domain of 150 × 300 inner disk radii.
-We investigate a broad parameter set of different accretion disk magnetic flux profiles and inflow density profiles.
In the following we give some details for the new features of our the model setup.
Resistive MHD equations
We numerically model the time-dependent evolution of jet formation considering the following set of resistive MHD equations,
with the usual notation for the variables (see Fendt & Elstner (2000) . The magnetic diffusivity is denoted by η. We apply a polytropic equation of state, p = Kρ γ , with a polytropic index γ = 5/3. With that, the internal energy is reduced to e = p/(γ − 1). This simplification does not affect the general result of our simulations, as the resistive dissipation in the energy equation (4) is small against the other terms (factor 1/c 2 ). In addition to the hydrostatic pressure p we consider Alfvénic turbulent pressure p A ≡ p/β t with β t = const. (see Ouyed & Pudritz (1997a) or Fendt & Cemeljic (2002) ). Alfvénic pressure may explain the presence of a cold corona above protostellar accretion disks as observationally suggested. We have previously argued that the existence of such an additional pressure component is inevitable as turbulent Alfvén waves will be launched naturally in the highly turbulent accretion disk and then propagate into the disk wind and outflow (Fendt & Cemeljic 2002) .
We solve the MHD equations applying the ZEUS-3D code (Stone & Norman 1992a,b; Hawley & Stone 1995) in the axisymmetry option for cylindrical coordinates (r, φ, z). We added physical magnetic resistivity to the original ZEUS-3D ideal MHD code (see description and extensive tests in Fendt & Cemeljic (2002) ).
We normalize all variables to their value measured at the inner disk radius r i . For example, time is measured in units of the Keplerian period at the inner disk radius, and for the density ρ → ρ/ρ i . The point mass for the gravitational potential Φ = −1/ √ r 2 + z 2 is located in the origin. Eventually, the normalized equation of motion treated numerically is
1/2 , correspond to the plasma beta and the Mach number of the gas at the inner disk radius (Ouyed & Pudritz 1997a) . For a "cold" corona with p ′ A > 0 we have β t = 1/(δ i (γ − 1)/γ − 1). In the following primes are omitted and only normalized variables are used if not explicitly declared otherwise.
Turbulent magnetic diffusivity
Magnetic diffusivity caused by turbulent motion in the jet material affects both collimation and acceleration of the jet (Fendt & Cemeljic 2002) . Magnetic diffusivity also plays an essential rôle in the jet launching process in the accretion disk (Li 1995; Ferreira 1997) . The magnetic diffusivity η we apply in Eq. (3) is "anomalous" and is considered to be provided by macroscopic MHD instabilities. As the jet launching accretion disk is highly turbulent itself, we naturally expect that the turbulent pattern will propagate into the jet when the disk material is lifted up from the disk surface.
We parameterize the turbulent magnetic diffusivity similar to the Shakura-Sunyaev parameterization of turbulent viscosity, η t = α m vL, where α m ≤ 1. The strength of turbulent magnetic diffusivity is governed by the characteristic dynamical length scale L and velocity v of the system and is parameterized by α m . For v ≃ v A = B p / √ 4πρ (poloidal Alfvén speed), L ≃ r max (size of the computational box), and α m ≈ 0.1, we obtain the magnetic Reynolds number for the global jet evolution
It is straightforward to relate self-consistently the turbulent magnetic diffusivity η t to the Alfvénic turbulent pressure p A (Fendt & Cemeljic 2002) , extending and generalizing the studies by Ouyed & Pudritz (1997a) and Pudritz et al. (2005) . In this case, we choose the turbulent velocity field v T (i.e. the turbulent Alfvénic velocity) instead of v A as characteristic velocity, and obtain
Assuming sub-Alfvénic turbulence, β t = 0.03 (Ouyed & Pudritz 1997a; Fendt & Cemeljic 2002 ), a typical value δ i ≃ 100, and a mean (box average) normalized density ρ ′ ≃ 10 −2 , we obtain a mean (box averaged) normalized magnetic diffusivity of
This value provides a good estimate on the overall strength of magnetic diffusivity in the computational domain, < η >≃ 0.02, as η ∼ ρ 1/3 varies only weakly in the jet.
Numerical grid
In order to cover as much physical space as possible, we use the "scaled grid" option by ZEUS with grid element size decreasing inwards by a factor of 0.99. The numerical grid size is (256 × 256) resulting in a a spatial resolution from (0.13×0.26) close to the origin to (1.6 × 3.2) at the opposite corner. The physical grid size for all simulations is (r × z) = (150 × 300)r i corresponding to (6.7 × 13.3) AU for r i ≃ 10 R ⊙ . This is several times larger than in previous studies (Ouyed & Pudritz 1997a; Fendt & Cemeljic 2002; Pudritz et al. 2005 ) and comparable to the observational resolution (Bacciotti et al. 2002) .
Initial conditions
Prescribing a stable initial condition is essential for any time-dependent simulation. Otherwise, the early evolution of the system will be dominated by artificial relaxation processes of the instable (and probably un-physical) initial setup. This is particularly important if only few evolutionary time steps are computed.
We start our simulations from a density stratification in hydrostatic equilibrium with an initially force-free (and also current-free) magnetic field. Such a configuration would remain in its initial state if not disturbed by the given boundary conditions. The initial density distribution is ρ(r, z) = (r 2 + z 2 ) −3/4 (Ouyed & Pudritz 1997a; Fendt & Cemeljic 2002) .
The initial magnetic field distribution is calculated using a stationary, axisymmetric finite element code described elsewhere (Fendt et al. 1995) . Essentially, this code calculates the axisymmetric force-free magnetic flux distribution for any given boundary value problem. We compute the φ-component of the vector potential 2 A φ using a numerical grid with twice the resolution of the grid applied in the ZEUS code. Having obtained the vector potential of the initial field distribution by the finite element code, we derive the magnetic field distribution for the time-dependent simulation with respect to the ZEUS-3D staggered mesh (see Fendt & Elstner (2000) . Our approach guarantees |∇ · B| < 10 −15 , respectively | j × B| = 0.01| B|.
For the finite element grid, we prescribe the disk magnetic flux Ψ(r, z = 0) = r µΨ as Dirichlet boundary condition, corresponding to a poloidal magnetic field B P (r, 0) ∼ r −µ with µ = 2 − µ Ψ . Along the axial boundary Ψ(r = 0, z) = 0. Along the outer boundaries we prescribe a magnetic flux decreasing towards the axes (here fhe exact flux profile is marginally important as the initial field will be immediately perturbed by the outflow).
Boundary conditions
Along the r-boundary we distinguish between the gap region extending from r = 0 to r = r i = 1.0 and the disk region from r = 1.0 to r = r out . The disk region governs the mass inflow from the disk surface into corona (denoted as "disk wind"). The poloidal magnetic field along the r-boundary is fixed in time and is, hence, determined by the choice of the initial magnetic flux distribution. Thus, the magnetic flux across the equatorial plane is conserved, Ψ(r, z = 0; t) = Ψ(r, z = 0; t = 0). The poloidal magnetic field profile along the disk is chosen as a power law, B P (r, 0) ∼ r −µ . Equivalent to Ouyed & Pudritz (1997a) the disk toroidal magnetic field component is force free with B φ = µ i /r for r ≥ r i ,
The hydrodynamic boundary conditions are "inflow" along the r-axis, "reflecting" along the symmetry axis and "outflow" along the outer boundaries. Matter is "injected" from the disk into the corona parallel to the poloidal magnetic field with low velocity v inj (r, 0) = ν i v K (r) B P /B P and with a density ρ inj (r, 0) = ρ i ρ(r, 0). In some simulations we applied a slightly enhanced mass flow rate from the outermost grid elements of the disk by increasing the inflow velocity by a certain factor. This approach helped to deal with the mixture of inflow/outflow boundary condition just in the corner at (r max , z = 0), and does not affect the flow on larger scales. Along the gap, the mass flux into the corona is set to zero. We chose a power law for the inflow density profile,
As a first choice, it is natural to assume µ ρ ∼ 3/2 as this is the disk density profile both for the Shakura-Sunyaev accretion disk and for advection dominated disks (see e.g. the self-similar Blandford & Payne solution, or the Ouyed & Pudritz (1997a) model) . This is, however, the average density profile of a thin disk and one may expect deviations from that profile for several reasons. Those may arrise (i) as the structure of jet-driving disks can be altered by the outflow, (ii) due to magnetic fields close to equipartition, or may be simply suggested by the fact that (iii) we do not yet fully understand the mass loading of the jet / disk wind out of the accreting matter. We have therefore applied different density profiles µ ρ = 0.3, ..., 2.0 for the disk wind mass flux in our simulations. For the injection velocity, one may assume that the initial disk wind speed is in the range of the sound speed in the disk, v inj (r) ≃ c s (r) ≃ v kep ∼ r −1/2 . However, the actual velocity along the disk surface will be different from the thin disk estimate and will, moreover, depend in detail from the launching mechanism. For simplicity, all simulations presented in the paper assume the same injection velocity. Therefore, the total mass flux profile is varied only by the density profile.
The disk magnetic flux profile is less constrained, or better, less understood. A thin disk equipartition magnetic field will follow a profile ∼ r −5/4 (Blandford & Payne 1982) . However, it is not clear to date where the disk/jet magnetic field originates, how it is generated and how it evolves. We find it therefore valuable to explore a wider range of disk magnetic flux profiles. This is the main goal of the present paper.
Jet flow magnetization
Ideal MHD would imply that magnetic field is "frozen" into the matter which slides along (but not parallel to) the field lines. In axisymmetric, stationary configurations the magnetic field lines are located on magnetic flux surfaces Ψ(r, z) and the velocity vector can be expressed as v = k(Ψ) B/ρ − rΩ F (Ψ), where k(Ψ) = (dṀ /dΨ) = (ρv p /B p ) is the mass flow rate per magnetic flux surface and Ω F (Ψ) the isorotation parameter 3 . One of the most important parameters for MHD wind theory is the magneti-zation parameter Michel (1969) ,
whereṀ (Ψ) = πr 2 ρv p is the mass flow rate within the magnetic flux surface Ψ. The magnetization is inverse to the mass load σ ∼ k −1 . For outflows expanding in spherically radial direction, Michel (1969) derived an analytical relation between the asymptotic flow velocity follows and the magnetization, v ∞ ∼ σ 1/3 (Michel scaling). Collimation results in a variation in the power index of the Michel scaling (Fendt & Camenzind 1996) . Essentially, the magnetization summarizes the important parameters for launching a high velocity outflow -rapid rotation, strong magnetic field and/or comparatively low mass load. It will therefore be interesting to study also the influence of the magnetization profile across the disk wind on the collimation of this wind into a jet. Having prescribed a power law for the profiles of the disk wind initial poloidal velocity v inj (r) = v inj v Kep (r), its rotation Ω F (r) = Ω Kep ∼ r −3/2 , as well as for density and magnetic field, the disk wind magnetization profile σ 0 (r) ≡ σ(r, z = 0) follows a power law as well, Ouyed & Pudritz 1997a; Fendt & Cemeljic 2002) result in a magnetization profile σ 0 (r) ∼ r −1 . The self-similar Blandford & Payne model gives µ σ = −3/2. In a recent paper Pudritz et al. (2005) have followed an approach similar to the present paper, varying the mass load k(r) at the disk surface as k(r) ∼ r −1 , r −3/4 , r −1/2 , r −1/4 . This would correspond to magnetization profiles as µ σ = 1, 0.75, 0.5, 0.25, respectively, a parameter space which is also covered in our paper.
Results and discussion
We have run a large set of MHD jet formation simulations covering a wide parameter range concerning both the disk wind poloidal magnetic field profile and the "injection" density profile along the disk surface (see Tab. 1). The results presented here are preliminary in the sense that not all simulation runs could be performed over time scales sufficiently long enough for the MHD flow as a whole to reach the grid boundaries or to establish a stationary state. This is due to the large grid size in combination with steep gradients in the disk wind parameters which in general allow only for a weak outflow from large disk radii. Nevertheless, our results allow for a firm interpretation of the overall flow structure and evolution in the MHD jet formation region.
The general flow evolution
The main features of jet formation in the model scenario applied have been described in the previous literature (Ouyed & Pudritz 1997a Fendt & Cemeljic 2002) and will not repeated here in detail. In summary, the early evolution (t < 100) is characterized by the propagation of torsional Alfvén waves launched by the differential rotation between disk and corona (see Fig. 1 ). The Alfvén waves slightly distort the initial field structure into a new state of hydrostatic equilibrium which will remain stationary until reached by the MHD outflow launched from the disk. The region beyond the wave front remains undisturbed. Torsional Alfvén waves are still propagating across the grid, when the MHD wind accelerates from the accretion disk surface and becomes collimated beyond the Alfvén surface. The outflow rams into surrounding magnetohydrostatic corona developing a bow shock which propagates with velocities comparable to the material speed. The flow structure remaining after the bow shock has left the computational grid is the pure disk wind/jet, generated and energetically maintained by the disk rotation, the contineous mass injection from the disk and the disk magnetic flux. We note that in these later evolutionary stages the outflow is causally decoupled from the initial condition.
As a general feature, for simulations following a flat accretion disk magnetic field profile (µ < 0.5) the flow does not reach a steady state. Instead, a wavy pattern evolves close to the flow axis with almost constant mass flow rate in axial direction but varying mass flow rate across the axial flow. This case is similar to the extreme example examined by Ouyed & Pudritz (1997b) where the evolution of an initially vertical field has been investigated. simulation runs. Shown are parameters for the disk poloidal magnetic field profile µ, the disk wind density profile µ ρ , and the disk wind magnetization profile µ σ . The inner disk radius poloidal field strength is B p,i . The density at this radius is ρ ,i = 1, but is sometimes lowered by a factor of two (denoted by a ⋆ in column 1). Mass flow rates in r-and z-direction along the three sub-grids (r max,i × z max,i ) = (20.0 × 60.0), (40.0 × 80.0), (60.0 × 150.0) are denoted asṀ z,i ,Ṁ r,i , respectively. The average degree of collimation measured by the mass flow rates in z and r-direction, and normalized by the area threaded, is <ζ>. The maximum flow velocity obtained outside the axial spine is v mx . 
How to measure the degree of collimation?
The main goal of this study is to investigate the interrelation between the accretion disk magnetic flux profile and the collimation of the outflow. In order to quantify such an interrelation we need to define a measure for the degree of outflow collimation. As a matter of fact, some ambiguity exists about such a definition and a few words of clarification are needed. Was is observationally detected as jet flow, is the elongated feature of emitted radiation and signature of high velocity. This can be associated with (i) an elongated mass distribution ("collimation") which emits the radiation and (ii) a strong axial velocity component ("flow"). Therefore, from the theoretical point of view, it is natural to apply the directed mass flux as measure of jet collimation (see below).
We also like to note the difference between the pure "degree of collimation" and the flow's "ability to collimate". The first term refers to the status of the collimated flow -the directed mass flux -probably equivalent to the observed jet. The second term refers to the question of how well an initially weakly collimated disk wind can be turned into a collimated stream by means of MHD tension. It is straight foreward to expect that for the same disk magnetic field profile, a more concentrated disk wind density profile (ie. large µ ρ ) will result in a more concentrated density profile of the asymptotic jet flow as well (thus a smaller jet radius). Note, however, that both a wide and a narrow jet (ie. a jet with a flat or steep asymptotic density distribution) may have the same asymptotic opening angle, e.g. a cylindrical shape.
For ideal MHD jets in stationary state, collimation can be measured by the opening angle of the magnetic field lines. In the case of resistive jets, in particular when the outflow has not reached a steady state, such a choice is not appropriate, as mass flux direction and magnetic field direction are not aligned.
In the present paper, we consider the directed mass flux as appropriate measure of flow collimation. For simplicity, we measure the degree of collimation by the ratio ζ of mass flux in axial versus lateral direction,
This parameter actually depends on the size of the integration volume. We calculate the mass flow rate within three differently sized volumes, M z,i ,Ṁ r,i , considering different sub-grids of the whole computational domain of 150 × 300r i , i.e.cylinders of radius and height (r max × z max ) = (20.0×60.0), (40.0×80.0), (60.0×150.0) (see Tab. 1, Tab. 3, Tab. 2). We then give the mass flux ratio ζ, however, normalized to the size of the area penetrated by the mass flow in r-and z-direction, ζ 1 ,ζ 2 ,ζ 3 . The ratio of grid extension (r max /z max ) as displayed in our figures converts into a ratio of cylinder surface areas of A z /A r ∼ 0.5(r max /z max ). Thus, a mass flux ratio ζ 2 = 2 as defined by Eq. (11) corresponds to a mass flux ratio normalized to the surface area threaded ofζ 2 = 8, which may be considered as "very good" collimation.
The difference in degree of collimation calculated for different volumes,ζ 1 ,ζ 2 ,ζ 3 , may also indicate a different evolutionary state in different regions of the outflow. At certain time, the jet flow may already be well collimated close to its origin and also have reached a stationary state in this region, however, on larger spatial scales it could still violently interact with the ambient initial corona (see e.g. simulation runs c3, p4). Some simulations could be performed until an almost stationary flow on the whole numerical grid has developed (e.g. c8, p8). In most of our examples the initial corona has completely swept out of the grid. From the mass flow rates derived for the subgrid we derive an average degree of collimation <ζ >. The value is a measure typical for the simulated flow but depends on the evolutionary state of the flow 4 .
We note another interesting consequence of the large grid application compared to previous studies on smaller grid size (Ouyed & Pudritz 1997a; Fendt & Cemeljic 2002) . That is that in some simulations the Alfvén surface in later evolutionary stages leaves the grid in axial direction. These jet flows are sub-Alfvénic in their outer layers and the jet structure will consist of three nested layers (cylinders) of different magnetosonic properties -an outer sub-Alfvénic layer, a super-Alfvénic / sub-fast magnetosonic layer at intermediate radii, and a super-fast magnetosonic jet in the inner part (here we neglect the very inner axial spine which 4 -meaning thatζ 3 has more weight on <ζ > if the flow is stationary on this spatial scale is not fed from the disk). The radii of these layers depend on the parameter µ and µ ρ and will be investigated in more detail below. For example, for simulation run i10, we estimate the asymptotic radius of the Alfvén surface to about 120r i , and the asymptotic radius of the fast magnetosonic surface to about 50r i . For comparison, in the original approach (Ouyed & Pudritz 1997a ) passes the radial grid boundary at a height of about z = 60. A multi-layer structure of jets in respect to the magnetosonic surfaces has been proposed in stationary studies by Fendt & Camenzind (1996) , however, suggesting an inverted order of layering (ie. a super fast-magnetosonic flow in the outer part respectively). A stratification in lateral direction might have a great impact on jet stability. This issue has not yet been treated in the literature.
Degree of collimation -MHD simulations
Simulation run i10 with µ = 1.0, µ ρ = 1.5 may serve as "reference run" resembling just the same parameter set as the exemplary solution by Ouyed & Pudritz (1997a) , now, however, performed on a substantially larger physical grid size and considering a self-consistent model of sub-Alfvénic turbulence (see citetfend02). After t = 3000 (3000 inner disk revolutions) a stationary flow is obtained over a large part of the grid. The run of the Alfvén surface at large radii indicates that the outer layers of the flow have not yet reached a stationary state (see Fig.2 ). We obtain collimation degrees ofζ 1,2,3 = 9.0, 9.2, 12.5 for which we assign an "average" degree of collimation of <ζ>= 10 (see Tab. 1). As the outflow has not yet settled in a stationary state over the whole grid, these values may still vary slightly for later times. Note that even 3000 revolutions of the inner disk correspond to about only two revolutions at the outer disk radius at 150 r i . The sequenceζ 1,2,3 also indicates an increasing degree of collimation along the flow as the measure has been done at different distance from the origin.
Disk magnetic field profile and collimation
We now compare parameter runs with different disk magnetic flux profile µ, µ Ψ , but similar inflow density profile µ ρ . We have run about 40 different simulations which in total required about one year of CPU time on various work stations. Table 1 shows both the main input parameters for the simulation runs, in particular the power law index of the magnetic field and density distribution. Table 1 further show the resulting jet parameters, namely the mass flow rates in lateral and axial direction defining the collimation degree. What is also mentioned is the physical time step τ when the mass flow rates are calculated. This is in most cases, but not always the final time step of the simulation. When comparing different simulation runs, one has to keep in mind that they follow a different time evolution. If possible, only flows at late (or equivalent) evolutionary stages will be compared. These later stages may have been reached after different physical time step depending on a number of flow parameters (e.g. stronger magnetized flows evolve faster, see below).
In general, we find that increasing degree of collimation with decreasing slope of the disk magnetic field profile 5 (see Fig. 4 ). This holds for all inflow density profiles investigated so far. A steep density profile generally leads to a higher degree of jet collimation which is, however, not surprising as the mass flux is more concentrated along the axis just by definition of the boundary condition. For the simulations with relatively flat density profile (µ ρ = 0.3, ..., 1.0), a strong increase in collimation degree can be observed just below a certain value of µ = 0.6.
Simulations with a flat disk magnetic field profile (below µ = 0.5) do not reach a stationary state within the time scale of our simulations. In general, the degree of collimation for these flows is high. The axial mass flow rate stays more or less constant whereas the radial mass flux varies in time, resulting in a "wavy" flow pattern with instabilities evolving along the flow axis. This has been discussed by Ouyed & Pudritz (1997b) for the case of a vertical magnetic field along the axis and in the context knot generation in protostellar jets.
The next question is how to compare our results obtained for the different density profiles quantitatively. We find that a physically meaningful classification can be achieved by shifting and spreading the three figures not in vertical but in horizontal direction. Essentially, this corresponds to a figure of collimation degree versus magnetization (applying µ σ = µ ρ − 2µ − 1/2). Indeed, the resulting diagram (Fig. 5) shows a convincing correlation between the magnetization profile power law index µ σ and the degree of collimation obtained <ζ >. These results might explain why not all accretion disks do launch a jet and why these disks might not launch jets for all their life time.
The before mentioned steep increase in collimation degree for µ < 0.6 is now indicated for a magnetization profile µ σ > −1.0. Obviously, the slope of this rise depends in particular on the reliability of simulation runs a6, c8 and i2. We note that simulation i2 and c8 follow a relatively flat density profile, and were evolved up to several 1000 disk rotations into an almost stationary state on a global scale. Simulation a6 is sub-Alfvénic over most of the grid size and developing instabilities along the jet axis.
The width of the (µ σ − <ζ>)-correlation shown not reach a stationary state and show a time variation in the mass flux in direction perpendicular to the flow axis in Fig. 5 is due to further differences in the parameter setup. The data points obtained for certain simulations which deviating from the general correlation are indeed particular in their origin. For example, simulation run c3 is strongly magnetized with the Alfvén surface very close to the r-axis. The same holds for simulation run i4. Therefore, both simulations do not consider a typical Blandford-Payne magneto-centrifugally launched jet, but have the Alfvén points close to the footpoints of the field lines (hence a short lever arm). However, in summary the numerical data points give a clear correlation between the power law index of the disk wind magnetization profile and the degree of collimation. Future work will be dedicated to investigate the peculiar behaviour of some simulation runs.
Field strength and collimation
While the slope of the disk magnetic flux / magnetization profile clearly governs the asymptotic flow collimation, the amount of total disk magnetic flux is less important. We have investigated different field strength for the same flux profile and do not detect an interrelation with the degree of collimation. Simulations with high magnetic field strengths are CPU time consuming as the Alfvén speed time stepping decreases with increasing field strength. On the other hand, the jet evolves faster and also propagates across the numerical box within a shorter time period (physical units). We thus reach similar evolutionary stages at earlier physical time (but after more numerical time steps).
For reference we compare simulation runs i14 and i15 with field strength B p,i (i15) = 0.5B p,i (i14) and initial flow density ρ inj (i15) = 0.5ρ inj (i14); runs p13, p14 and a1 with B p,i (p13) = 3.0B p,i (p14) = 3.73B p,i (a1) and ρ inj (i15) = 0.5ρ inj (i14); and runs p18, and p19 with B p,i (p19) = 2.0B p,i (p18) (see Fig. 6 ). Table 1 shows that the collimation degree is similar for each sample. Also the evolving jet structure is similar (see examples p18 and p19, Fig. 6 ). On the other hand, the total magnetic flux governs the asymptotic velocity gained by the jet (see below). 
Jet collimation for highly diffusive toroidal field
As mentioned above (Sect.2.3), studies in the literature have proposed a "poloidal collimation" of the jet, i.e. jet collimation due to the pressure of an ambient poloidal magnetic field (Spruit et al. 1997; Matt et al. 2003) . In order to investigate the feasibility of such a process, we performed a set of simulations applying an artificially strong decay of the toroidal field component. Such a decay may possibly be interpreted as due to the kinkinstability (Spruit et al. 1997) .
These simulations (see Tab. 2) follow a parameter setup equivalent to those in Tab. 1 with the single exception that the toroidal field is artificially decreased by either a factor f B3 = 0.9 or 0.1 at each numerical time step 6 . Thus, this part of our paper treats a "toy model" mimicing an artificially enhanced magnetic diffusivity, only affecting the toroidal field component 7 . A fully self consistent approach would involve a tensorial description of magnetic diffusivity with strong diffusivity for those components affecting the toroidal field component. This is beyond the scope of the present paper.
Over the long-term evolution the resulting jet toroidal magnetic field is decreased by 5 orders of magnitude compared to the simulations presented before (independent of f B3 ). The simulation runs we have to compare are p17 with p2 and i10, runs i12 and i13 with i11, run p12 with p14 and p13, and runs p10 and p11 with i16.
Essentially, the result is that outflows with decaying toroidal magnetic field are substantially less collimated (Tab. 2). This is not surprising as the tension force of the toroidal field has been switched off and again demonstrates the selfcollimating ability of MHD jets by self-generated toroidal magnetic field.
The exeption is simulation run p12 which, due to its steep disk wind density profile, shows relatively good collimation comparable to some other simulations runs without toroidal field decay.
Jet velocity & Michel scaling
In general we obtain a narrow range for the maximum velocity of the super-Alfvénic flow at large distance from the origin. The maximal jet velocity is typically about the Keplerian speed at the inner disk radius, in agreement with the literature (Ouyed & Pudritz 1997a; Casse & Keppens 2002; Kudoh et al. 2002) . We noted a slight trend in the jet velocity in relation to the magnetization σ. In order to further investigate the Michel scaling for collimated jets, we have performed sim- Fig. 7 .-Toroidal velocity profile across the jet at z = 160 for selected parameter runs at the final stages of simulation. i3 (t = 4000), i1 (t = 3000), p8 (t = 3200), i11 (t = 2000) from top to bottom. ulation runs with identical initial field and mass flow profile, but different absolute numbers for the mass flow rate and magnetic field strength -either varying the initial magnetic field strength or the inflow density by a certain factor.
In particular, we can compare simulations p21/i9, c3/p4, i14/i15, p13/p14/a1, i1/p7/c5, and p18/p19 (see Fig.6 ). Table 3 shows the ratio of poloidal velocity for simulations 'A' and 'B' as expected from the original Michel scaling
and the actual numerical values (iso-rotation Ω F and injection velocity are the same for all examples). The maximum jet velocity has been measure along a slice across the jet at z = 160. The poloidal velocity profile has a maximum close to the axis. For each sample, the velocity measure of the asymptotic flow has been taken at similar spatial location and similar evolutionary time. This is an important point as we compare simulations where the large scale flow has not yet settled in a steady state.
The situation for the toroidal velocity is less pronounced. The typical rotation velocity at (z = 160, r = 80) is 1/10 of the Keplerian speed at the inner disk for most of the cases investigated. Examples for toroidal velocity profiles across the jet are shown in Fig. 7 .
Our large-scale numerical grid allows for direct comparison of the numerically derived velocity structure with recent observations indicating rotation in the jet from the young stellar object DG Tau (Bacciotti et al. 2002) . The numrical grid covers about 7 × 14 AU which is about the size of the innermost slit position shown in Fig.7 of Bacciotti et al. (2002) . These authors measure radial velocities up to 400 km/s and find two major outflow components -a low velocity and a high velocity component. It is the low velocity component of deprojected 8 jet velocity of about 90 km/s which shows radial velocity shifts of up to 12 km/s. The radial velocity differences across the jet have been widely interpreted as indication of rotation although this is not yet completely confirmed. The observed velocity data corresponding to our numerical grid (equivalent to "Slit S3/S5" and "Region I" in Bacciotti et al. (2002) ) are 64 km/s in poloidal velocity (in [SII] ) and 8 km/s as total radial velocity shift.
The Keplerian speed at the inner disk radius for DG Tau is
assuming a central mass of 0.67 M ⊙ (see Bacciotti et al. (2002) and references therein). According to such a normalization, our simulations which fit best to the low velocity jet of DG Tau are those with a flat magnetic field profile µ ≃ 0.5 and with moderate field strength, namely i1, ..., p8 (see Tab. 1) These runs also show a high degree of collimation as it is also observed. The numerically derived rotational velocity for these examples is about 0.1v K,i ∼ 10 km/s which is surprisingly close to the observed value (see Fig. 7 ). The launching radius can then derived just by following back the streamlines along the collimating jet flow. In the runs i1, ..., p8 the launching region is distributed over a relatively large disk area of r < ∼ 80 corresponding to about 3 AU. Note that in these simulations only the inner part of the jet is super-Alfvénic. Note also that the toroidal velocity in the numerical models decreases with radius in contradiction with the observations of DG Tau. We like to emphasize that in a self-consistent picture also the high velocity component has to be explained by the same simulation. As another note of caution we mention that all MHD simulations of jet formation done so far have shown a terminal jet speed of the order of the Keplerian speed at the launching region (Ouyed & Pudritz 1997a Fendt & Cemeljic 2002; Vitorino et al. 2003) . It is therefore difficult to interpret the very high velocity 450 km/s features observed for DG Tau in such a framework unless we assume very strong magnetic flux respectively a very low mass loading.
We finally discuss briefly the outflow velocities obtained in simulations with strongly diffusive toroidal field. As seen from Tab. 2, the typical velocities in such outflows are about a factor 5 lower compared to the standard approach. In particular, this follows from comparing simulation p2 to p17, i11 to i12 and i13, and p13 to p12. This is not surprising as we have artificially reduced the accelerating Lorentz force component (along the field), F L,|| ∼ j ⊥ × B φ , where j ⊥ is the poloidal electric current density component j p ∼ ∇ × B φ perpendicular to the magnetic field.
The run of the Alfvén surface
Another parameter which measures the relative strength of the magnetic field is the Alfvén Mach number M A ,
At the inflow boundary (= disk surface) the Alfvén Mach number varies as
with µ A = µ σ + 3/2. In order to obtain a classical Blandford-Payne type MHD jet launched as slow sub-Alfvénic disk wind, it is required that the Alfvén Mach number is M A,0 (r) < 1 for all radii along the disk surface. In turn, this condition constrains the disk wind poloidal magnetic field or density profile,respectively, µ ρ > 2µ + 1. For smaller µ the situation may occur that at a certain radius the disk wind will be launched superAlfvénic. The location of this radius depends on the actual values of B P,i and ρ inj . Therefore, in general sub-Alfvénic disk winds require a positive exponent for the M A (r) profile. In the self-similar Blandford & Payne approach we have µ σ = −3/2, while in the Ouyed & Pudritz (1997a) simulations µ σ = −1 A dipolar (stellar) magnetic field distribution with µ ρ ∼ 3/2 implies µ σ = −1 and, thus, M A,0 (r) ∼ r −1/4 , that means a critically negative exponent. The disk wind launched will be superAlfvénic (Fendt & Elstner 2000) .
Note that the interrelation between the magnetization σ and the collimation measure <ζ> shown in Fig. 5 holds similarly for the Alfvén Mach number as µ A = µ σ + 3/2. Figure 8 summarizes our results concerning the shape of the Alfvén surfaces in respect of collimation degree. The showcase plot indicates the run of the Alfvén surface from different simulations, overlaid by the observed degree of collimation for these outflows (indicated by ellipsoidial areas). Only examples with a sub-Alfvénic disk wind profile were chosen for this figure. In general, flat Alfvén surfaces (ie. bending towards the Table 3 : Subset of Tab. 1, summarizing simulation runs with similar field and density profiles but different relative magnetic flux. For the notation of the jet velocity ratio R v ≡ v ∞,A /v ∞,B and the magnetization ratio R σ ≡ σ A /σ B we refer to the text and Eq. 12. r-direction) show less collimation. Many of these flows are not fully evolved dynamically on a global scale, but as we measure the collimation degree only within r = 150, the parameters calculated are nevertheless reliable. For highly collimated flows the Alfvén surface turns parallel to the jet axis rapidly.
We have also extreme examples (i5, i8) for which the Alfvén surface turns towards the equatorial plane (see Fig. 11 for i8) such that the outer part of the disk wind is launched super-Alfvénic. Those wind are not magnetocentrifugally launched but magnetically launched ie. by Lorentz force vertical direction, F L,z ∼ j r × B φ + j φ × B r . Note that simulations i15 and p20 seem to look similar, but have a sub-Alfvénic disk wind everywhere resolved by our scaled grid.
The kink in the Alfvén surface in simulation i10 (Fig. 2, bottom) demonstrates that the outer part of the flow has not yet reached a stationary state. The foot point radius of that flux surface intersecting the kink is at about 50r i . Similalarly, this holds for most of the other simulation runs.
Summary
We have performed numerical MHD simulations of jet formation from accretion disks. The disk is taken as a time-independent boundary condition for the jet mass flow rate and disk the magnetic flux profile. We applied the 3D ZEUS MHD code in the axisymmetric option and extended for physical magnetic diffusivity. Our physical grid size is (150 × 300) inner disk radii corresponding to about (6.7 × 13.3) AU for r i ≃ 10 R ⊙ which is several times larger than in previous studies in the literature and comparable to the observational resolution. We applied a self-consistent model for physical magnetic diffusivity in which turbulent Alfvénic pressure is responsible for both turbulent magnetic diffusivity and pressure.
The major goal of this paper was to investigate if and how the jet collimation depends on the accretion disk magnetic flux profile. As a quantitative measure of the collimation degree we apply the directed mass flux (axial direction versus lateral direction).
We have run a substantial number of simulations covering a large area in the parameter space concerning the mass flux and magnetic flux pro-0000000000000000000000000 0000000000000000000000000 Fig. 9 .-Simulation runs with different boundary conditions. Density and poloidal magnetic field lines for i16 (t = 2040), p15 (t = 990) i1 (t = 2000) p7 (t = 1000), a1 (t = 2830), from top to bottom. See Fig. 1 forfurther notations. Fig. 10 .-Simulation runs with different boundary conditions. Diffusive in B 3 . Density (left) and poloidal magnetic field lines (right) for p10 (t = 1800), p11 (t = 3100), p17 (t = 1890), i12 (t = 1520), p12 (t = 870) from top to bottom. See Fig. 1 forfurther notations. 
